An electrically injected defect-mode photonic bandgap microcavity surface-emitting laser at room temperature is demonstrated for the first time. 931nm lasing is observed under pulsed excitation conditions, with a threshold current of 300 μA. Near-and far-field modal characteristics of the emission confirm lasing from the defect-related microcavity in the photonic bandgap crystal.
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Light sources that display reasonably high power efficiency, together with singlemode operation, narrow spectral linewidth, and directional output will be extremely useful for array applications where high fibre coupling efficiency and low crosstalk are essential [1] . A vertical-cavity surface-emitting laser (VCSEL) is an example of a λ-sized cavity and, with additional lateral confinement by wet-oxidation of Al x Ga 1-x As layers, three-dimensional mode confinement can be obtained. The microdisk laser is another example. However, the most appealing technique to realise a true photonic microcavity is to use a dielectric photonic crystal, with a 'lattice' defect in the photonic bandgap (PBG), which traps the photon modes [2 -4] . Optically pumped PBG defect mode surfaceemitting lasers have been demonstrated recently [5, 6] . We report here 0.9 μm lasing in a p-n junction 2D-PBG defect mode surface-emitting laser with electrical injection by incorporating a bottom DBR mirror and deep dry etching technique.
The device heterostructure was grown by metal-organic vapour phase epitaxy (MOVPE). It consists of an n+ GaAs contact layer, an n-type lower 29 pair GaAs/Al 0.80 Ga 0.2 As distributed Bragg reflector (DBR) mirror, an undoped λ cavity region with two 70Å pseudomorphic In 0.15 Ga 0.85 As wells in the middle and p-type AlGaAs and contact layers on the top. n-and p-type Al 0.96 Ga 0.04 As layers are also inserted on the respective sides of the cavity region for eventual lateral wet-oxidation during device processing. The bottom DBR is not essential, but is incorporated to achieve a high index step and ensure leakage of light from the top surface. The reflectivity of the top surface, on the other hand, is simply provided by the semiconductor-air interface. The luminescence measured from the InGaAs quantum well exhibits a peak emission at 940nm at room temperature. 
a/ λ = 0.426, which corresponds to the peak wavelength of 0.94 μm. Standard oxide-confined VCSEL process steps were used in the device fabrication with a combination of optical lithography, dry and wet etching, metallisation and polymide planarisation. The Al x O y regions created by wet oxidation help to funnel the charge carriers more efficiently into the centre of the PBG region. The 2D PBG formation is subsequently achieved by ebeam lithography, pattern transfer and deep dry etching techniques [7] . The deep etch (~0.8 μm deep) goes through the entire cavity region, and well into the bottom DBR to ensure a good overlap with the optical field. Single or multiple defects in the centre define the λ-sized microcavity. As shown in Fig. 1b , the lattice constant of the 2D PBG is a = 0.4 μm, with the ratio of the air hole radius to the lattice constant, r/a = 0.32. The active area aperture, created by the single defect, is surrounded by over 40 periods of PBG, having an extent (radius) of 20 μm.
The devices were tested in the pulsed mode via probe contacts, without any heat sinking. The output light-current (L-I) and spectral characteristics are shown in Fig. 2 . The output was measured in a direction normal to the surface. It should be remembered that the dominant mode in the defect region can propagate laterally, or leak out vertically. The DBR mirror at the bottom assists surface emission from the top. The threshold current is 300 μA and the maximum measured output power is 14.4 μW. The peak emission in the spectral output at 931nm has a linewidth of 8Å, resulting in a Q of ~1164. It is known that the output from a microcavity formed by removing a single air-hole in a PBG crystal is a pair of degenerate modes [8] . These may be present in the output spectrum. The peak output wavelength corresponds to a normalised frequency of 0.43, which is within the bandgap of the photonic crystal incorporated in our device. While the PL peaks at 940nm at 300K, the output emission centre wavelength is 931nm. The shift is mainly due to the process induced PBG position and defect level shift.
It is necessary to ensure that the measured output at 931nm results from microcavity effects in the single defect and that the entire 2D-PBG crystal beyond the defect microcavity does not contribute to the lasing. The following features lead us to believe that the device operates as a defect mode laser. Photoluminescence measurements were carried out and the peak intensity of PL spectra from the PBG region was 10 times lower than that from the as-grown heterostructure. Second, in our fabricated device, there is no high Q cavity formed (except the bottom DBR) for the entire PBG region. We also fabricated oxide-confined VCSEL-like devices (without any top mirror or PBG) and these devices did not lase, confirming the fact that the observed output shown in Fig. 2 is from the defect microcavity. As a final proof of lasing from the microcavity, we performed near-and far-field measurements of the output. The results are shown in Fig. 3 . A near-field image, of 4 μm lateral extent, which is much smaller than the oxide window diameter of 40 μm, is shown in Fig. 3a . The image indicates that the emission envelops the first few periods of the photonic crystal, with the double degenerate modal characteristics [8] . The measured far-field radiation patterns, with and without PBG formation, are shown in Fig. 3b . The linewidth narrows considerably in the latter case, confirming that lasing originates from the defect mode.
